The reported results inform on these threshold differences, when stimulation is applied to the posterior structures of the lumbar cord at intensities above the threshold of large-diameter posterior root fibers.
Introduction
The successful demonstration that epidural electrical stimulation of posterior spinal cord structures can suppress pain (1), led to a widely spread clinical practice of spinal cord stimulation (SCS) to modify the severity of perception of nociceptive and neuropathic pain. Clinical practice of SCS has been extensively reviewed (2, 3, 4, 5) .
SCS for pain control has generally been applied to the thoracic spinal cord. Other spinal cord segments have been also targeted, like cervical segments for lungs bronchial tree dilatation, lower cervical and upper thoracic spinal cord segments to control pain in angina pectoris, sacral segments to augment bladder functions and lumbar segments for spasticity control (6, 7) . Furthermore, the human lumbar spinal cord has been shown to generate standing-and stepping-like movements after complete chronic, posttraumatic spinal cord injury when activated by tonic epidural stimulation (8, 9) . Recently, a method of transcutaneous spinal cord stimulation (tSCS) was described (10). Its potential for applications in neurophysiological studies (11) and in facilitation of treadmill stepping in spinal cord injured subjects (12, 13) was explored.
The purpose of the present study was to calculate under what conditions the system of parallel ascending axons within the posterior columns of the human lumbar spinal cord can be activated by tSCS. We will relate the findings to thresholds of posterior and anterior root fibers (14) that are conveying sensory inputs to and motor outputs from the lumbar spinal cord.
Information on the calculated thresholds for those three systems of the lumbar cord is significant for research designs of sensory-motor integration mechanisms of the human lumbar cord and for neurophysiological monitoring of lumbar spinal cord functions with intact and impaired connectivity with supraspinal structures. Moreover this knowledge is essential for the development of new neurophysiological interventions to augment spinal cord motor control in paralyzed people (12, 13) .
Methods
A two-step method including a volume conductor and an axon model was applied (15) . The volume conductor model was used to calculate the electrical potential generated by tSCS and to evaluate the potential distributions along the trajectories of the target fibers. Subsequently, the excitation process was simulated with the (Fig. 1c) , were simulated to account for the activation of a set of fibers.
The diameters of the lowest threshold posterior and anterior root fibers were varied in 0.1 μm steps to match the lowest threshold of the posterior column fiber.
The posterior column fibers are vertical axons within the white matter with several perpendicular collaterals entering the gray matter (19, 20) . A mean of 0.5% of the fibers in the superficial 300 μm of the posterior column have a diameter larger than 10.7 μm (21). Here, we assumed a posterior column-fiber diameter of 11.5 μm with a collateral diameter of 5.7 μm and varied the position of the main axon (depth within the white matter, distance from the midsagittal plane; Fig. 1d ).
Volume conductor model 
Axon model
The MRG axon model was re-implemented with MATLAB 2010a (The Mathworks Inc., Natick, MA) to allow for a convenient input of arbitrary extracellular potentials (22) . It was verified against the standard implementation with a series of tests with intra-and extracellular stimulation. Equations underlying the re-implementation not described in the original publication are presented below (22) . The equation for all nodal compartments is given by (1) where I ion is the sum of the ion currents as specified in (22), V m is the transmembrane voltage, E lk the leakage resting potential, g lk the leakage conductance, I ax the axonal current (see eq. 4) and c mem the capacitance of the membrane. The myelin sheath of the internodes is modeled as a double cable structure, where current can flow in the periaxonal space between the axon membrane and the myelin sheath. The axonal compartment is modeled according to eq. 2 and the periaxonal compartment according to eq. 3, where g mem is the membrane conductance, g my the myelin conductance, V p the potential difference between periaxonal space and the outside of the myelin sheath, E pas the reversal potential of the membrane, c my the myelin capacitance, I px the periaxonal current resulting from neighboring compartments, E i is the intracellular potential measured against the ground, E p is the periaxonal potential measured against the ground, R i is the axonal resistance, R p the resistance along the periaxonal space and the index k stands for the compartment number.
(2)
To incorporate the effect of extracellular stimulation, an equivalent injected intracellular current (I int , eq. 6) is added to every intracellular compartment (23, 24) .
The extracellular potential V e directly outside the compartment follows from the volume conductor model.
For fibers with branches, the branching node is modeled by extending the intra axonal current (I ax ) and the equivalent intracellular current (I int ) of the extracellular potential as:
where the subscript 'coll,1' denotes the first compartment of the collateral (25) .
Adaptation of the periaxonal current I px is not necessary because the branching always occurs at a node of Ranvier (26), which is not covered with myelin.
Parameters for different axon diameters were linearly interpolated.
Stimulation configuration
Two 5 cm-diameter electrodes placed over the T11-T12 vertebral processes on each side of the spine were used for stimulation together with large indifferent electrodes over the abdomen (Fig. 1b, for details see 10,11). All simulations were conducted with rectangular 1 ms-pulses. Excitation thresholds determined by a binary search with a final step of 0.1 V. All thresholds, if not noted otherwise, were calculated with the paravertebral surface electrodes being at negative potential. Since shifting the node positions in steps of a tenth of the node-to-node distance of one representative fiber of each type resulted only in a maximum variation of 1.43% of the excitation thresholds, the influence of node position on threshold values was not studied in detail.
Results
Posterior column fiber position and diameter Table 1 . Lowest values were 14.1 V and 22.6 V, respectively. At the lowest stimulus intensity that activated posterior column fibers (45.4 V) posterior and anterior root fibers with diameters as small as 6.5 μm and 8.4 μm, respectively, were recruited.
Discussion
The present modeling study investigated the effect of tSCS on posterior column fibers. Excitation thresholds of superficially and medially located posterior column fibers with multiple collaterals, calculated with the MRG axon model, were three times higher than those of large-diameter posterior root fibers. At the lowest excitation threshold of a posterior column fiber, a large set of root fibers with a variety of diameters and associated with different spinal cord segments were concomitantly activated.
The myelinated axon was shown to be the most excitable part of the nervous system (27) and the MRG model was demonstrated to realistically reproduce excitation thresholds in case of transcutaneous stimulation (28) . Although the thresholds of the most excitable posterior column fibers are rather high, a slight increase beyond threshold additionally recruits a set of fibers at different locations within the posterior columns ( Fig. 2) originating from multiple spinal cord segments (19) . Regarding segmental effects, posterior column stimulation can thus be expected to be nonspecific. While with tSCS the deepest fibers within the posterior columns require an increase by half the threshold of the superficially located ones to be recruited, it should be noted that the effect of epidural SCS is restricted to a superficial layer only (threshold increase by 150% at a depth of 0.7 mm; 29). Here, the presence of one collateral reduced the threshold to 88% and of eleven collaterals to 67%, respectively. In epidural stimulation of the thoracic spinal cord, thresholds of posterior columns with 11 collaterals were within the range of 50-60% (20) . At the threshold of posterior column stimulation, anterior and posterior root fibers of different segments (Table 1) 
